Wearable technology is a broad discourse that has evolved over decades, growing into an industry today that represents billions of dollars in product revenue, but stagnating as products become driven by technological developments rather than human needs. However, numerous isolated developments of a new class of wearables are emerging, being both aware of their environment and function, and able to physically adapt to user needs. Examined through this paper collectively, this new class of wearables are described as awareables, representing a shift in technology towards more life-like products. The context of this shift is broadly analyzed alongside similar shifts within the fields of architecture (responsive architecture), additive manufacturing (4D printing) and robotics (evolutionary robotics). The intent of this paper is to encourage new discourse and practical work, calling for researchers and product designers to think beyond gizmos, and instead consider more natural interactions between people and products inspired by nature.
INTRODUCTION
Where once wearable computing was a distinct discourse within wearable technology, it is clear from current research and mainstream marketing that the boundaries are blurred. Wearable technology has become synonymous with popular devices like activity trackers, smart watches, virtual reality and augmented reality, yet all of these are more specifically examples of wearable computing due to their reliance on computational power as a significant element of their function. However, wearable technology is a much broader field that precedes computing, with authors like Page [1] suggesting wearable technologies date back to seventeenth century China with abacus rings worn for mathematical calculations and trade while travelling. Ryan [2] discusses textile development as a form of wearable technology beginning with weaving in the Neolithic period, and later the construction of armor to protect the body in battle. Today the term technology has become synonymous with computing, however, this paper will consider technology in its broader sense of being "the application of scientific knowledge for practical purposes, especially in industry" [3] , with examples to include forms of intelligence that exclude computation in their function. This includes the application of new materials or processes that can be worn by humans, particularly in relation to 3D and 4D printing technologies, as well as other materials available due to advances in technology following a similar logic to that of Ryan [2] .
While the wearable technology discipline is well established, this research aims to link a number of existing projects and publications from the field through a new lens, particularly with an eye on the future as computers, sensors and actuators become ever smaller and cheaper to embed in worn products, or even move away from being what one might consider being a computer at all. Most mainstream wearable technologies available today are focused on the collection and display of data, be it tracking daily activities like sleep or number of steps, alerting users to social media updates and messages, or displaying virtual environments. These are in fact low-level applications that many consumers see as being a fad, with recent data suggesting that "40 percent of activity tracker owners stop using the device within six months of getting one" [4] , and 62 percent of respondents to a Nielsen survey wishing "wearables came in forms besides wrist bands and watches" [5] . Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. Copyrights for components of this work owned by others than ACM must be honored. Abstracting with credit is permitted. To copy otherwise, or republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. Request permissions from permissions@acm.org). TEI '20, February 9-12, 2020 , Sydney, NSW, Australia. © 2019 Association of Computing Machinery. ACM ISBN 978-1-4503-6107-1/20/02...$15.00. https://doi.org/10.1145/3374920.3374925 Papers Session 1: Make it Personal TEI '20, February 9-12, 2020, Sydney, NSW, Australia
Despite these concerns, wearable technology has emerged through the beginning of the twenty-first century as a thriving industry experiencing yearly growth, with estimates predicting a total of 240 million wearable products to be shipped in 2021, almost double the number of 2017 [6] . While these are very positive figures for the adoption of wearables, in order to better engage with the needs of consumers the industry must move beyond data collection and display. Emerging on the fringes of wearables research are products capable of transformation and change over time, being both wearable on the body and aware of their user or surrounding environmentawareables. The term awareable has been suggested several times within mainstream media to describe the next generation of wearable devices that go beyond data collection and display. For example, as early as 2014 Evans discussed the need for wearable devices to shift from showing us "what" users are doing, to "how" they are doing in a more holistic way, using the phrase "aware-able" [7] . The phrase has since surfaced several times [8, 9] , yet remains limited to a singular mention within academia through presentation of a self-alert shoe concept for patients with dementia [10] . It is the argument of this research that the term awareable is significant and must enter the lexicon of academia, providing a necessary distinction between technologies that are wearable, and those that have an added awareness of their environment or use and can respond accordingly.
For designers and researchers exploring this emerging field, it remains unclear how one might go about designing such a product, or even identifying one, as distinct from a standard wearable device. Therefore, this paper will establish the context for awareables, particularly in relation to human-centered design and the development of ubiquitous computing, along with current practical exemplars of wearable technologies that exhibit the characteristics of being awareable. Because of the added complexities of developing and maintaining a product that may have numerous permutations and relationships with a user, this new term is needed in order to clearly discuss the challenges and opportunities beyond today's more static wearable technologies, being framed as a subspecies of the wearable technology discipline. Figure 1 outlines a simplified hierarchical relationship between ubiquitous computing, wearable technology and awareables as it is discussed in this paper.
THE UBIQUITOUS COMPUTING CONTEXT
In 1991 influential computer scientist Mark Weiser described a vision for ubiquitous computing (ubicomp), stating that "the most profound technologies are those that disappear. They weave themselves into the fabric of everyday life until they are indistinguishable from it" [11] . What was significant about Weiser's vision was not the fact that computing technology would be ubiquitous and omnipresent; rather, that such technology would allow for computing to become a seamless part of the environment, embedded everywhere without being overt.
Figure 1. Hierarchy of ubiquitous computing, wearable technology and awareables.
Weiser and Seely Brown [12] later described the interrelated concept of "calm technology", whereby information only appears in the center of our attention when needed, and remains in the periphery at all other times. The concern, however, is that research and commercial outputs to date have largely focused on enhancing technology efficiencies or producing new types of technologies, without significant concern for the impact on people and socio-cultural factors. This is an argument detailed in the research of Takayama [13] who traces the history of ubicomp from Weiser's seminal paper to the present, suggesting that "many readers miss the point that ubicomp was not simply a dream of putting computers everywhere." Computation was only part of the technical agenda, and many authors agree that the technological hurdles to achieving more harmonious interactions between humans and technology, as envisaged by Weiser, have now largely been overcome [13] [14] [15] [16] .
As a result of the dominance of technical research and development, many technologies, particularly current wearables, are frequently frustrating, distracting, inaccurate and demanding of attention, seemingly the antithesis of the original ubicomp vision. This is a topic examined by Sterling [17] and Krishna [18] , with modern products labelled as "gizmos" by Sterling [17] , having "enough functionality to actively nag people. Their deployment demands extensive, sustained interaction: upgrades, grooming, plug-ins, plug-outs, unsought messages, security threats and so forth." Smart watches and activity trackers Papers Session 1: Make it Personal TEI '20, February 9-12, 2020, Sydney, NSW, Australia are examples of such gizmos, devices that demand frequent attention with ringtones, flashing lights, vibrations and messages. While many of these settings can be dialed down or switched off, this requires manually delving into the system settings with an increasingly greater level of skill; the device has no understanding of the user's requirements on its own, or that requirements may change based on where the user is or what they are doing. Some attentionseeking behaviors are desirable notifications about incoming phone calls and social interactions, however, many of the alerts relate to permissions to update an app, system setting or security setting, or reminders to get up and exercise or wish a Facebook friend happy birthday. Such frequent alerts hardly disappear into the background; they demand frequent attention, and "while the supplementary, just-in-time information provided by wearable computers seems wonderful, as we come to rely upon it more and more, we can lose engagement with the real world" [19] . This is evidence of the paradoxical nature of technology, which Norman [20] and Greenfield [15] explain can both simply life by providing more useful functions, or turn simple daily activities into overly complex and frustrating tasks.
Norman [20] , a pioneer in user-centered research, suggests that deficits in the application of technology in this way may be attributed to the dominant role of engineers in the product or system design process, with designers attuned to more human needs often a small part of a large team developing increasingly complex systems. However, now that many of the technical obstacles of the ubicomp vision have been overcome, the call to action by Norman and similar researchers is that designers must now assume a leading role, building upon the body of technical ubicomp research developed over the last several decades with a more human-centered focus. This will move ubicomp, and by association wearable technology, towards more organic and sustainable interactions between humans and computers [15, 16] .
As industry transitions through the fourth industrial revolution [21] , also known as Industry 4.0, new opportunities are emerging for designers to re-imagine the world as barriers between the physical and digital worlds fall away. The blurring of these boundaries is an emergent trend that challenges traditional product values. Many authors have described the next generation of products that will come from such a shift, using terms such as SPIMES [17] , proactive devices [18] , everyware [15] and 4D products [22] to describe the capacity for ordinary objects to evolve in life-like ways through embedded sensors and connection to each other and the Internet. This is more commonly referred to as the Internet of Things (IoT), which Gore [23] believes is one of the six most important drivers of global change. No matter the terminology, there is growing evidence that Weiser's early vision is now not only possible, but essential to the positive development of humans alongside machines. Therefore, it is imperative for new research to engage with the opportunities and challenges of shifting an established field of research and commercial product development like wearable technology, which is part of the broad ubiquitous computing discipline, into a new paradigm that embraces new understandings of human-computer interaction. Parallel shifts in the fields of architecture (responsive architecture), additive manufacturing (4D printing) and robotics (evolutionary robotics) evidence the broader changes affecting the physical world, and the emergence of new fields of research that can be analyzed in the following sections to build a new framework suitable for wearable technology.
Responsive Architecture
Responsive Architecture is a field that has largely emerged as a response to more sustainable building practices, although early responsive building concepts such as Cedric Price's 'Fun Palace' were more fanciful and imagined as a system like a computer program. An early realization of responsive architecture is Jean Nouvel's 'Institut du Monde Arabe' in Paris, featuring a facade made up of hundreds of electro-mechanical diaphragms which open and close in response to the changing climate to regulate building temperature and lighting. The 'Al Bahar Towers' in Abu Dhabi, designed more recently by Aedas Architects, features a similar electro-mechanically responsive climate control façade. Designed to suit the harsh desert weather, the facades open and close like flowers as the sun tracks around them, shutting the buildings off from direct sunlight to keep them cool, and then opening as the sun passes to let in natural light without the extreme heat. It is estimated that such a system reduces solar gain by up to fifty percent [24] . Both examples use sensors and weather simulation to control the facades, operating as ubiquitous systems with no need for human control, purportedly enhancing the user experience of the building interiors. Such concepts are biomimetic in both functionality and aesthetic; the opening mechanisms control the intensity of natural light and heat entering a building, similar to many plants with flowers and leaves that open, close or maneuver in relation to the sun.
The significance is in the shift from static built forms with no awareness of their environment, to more intelligent buildings capable of adaptation over time. With the Institut du Monde Arabe dating back to 1987, and the earlier ideas Papers Session 1: Make it Personal TEI '20, February 9-12, 2020, Sydney, NSW, Australia of Cedric Price to 1961, Responsive Architecture is one of the more established research fields demonstrating the shift towards more life-like physical systems. The advantage for buildings over products worn on the human body is the scale -buildings have been able to accommodate the large size of computing sensors and actuators very early in the development of computing technology, while Moore's Law has taken a number of decades for these same technologies to suitably decrease in size and cost to be wearable. Generally speaking, Moore's Law "posits that the performance and power of just about all forms of technology double every two years or so, yet prices stay the same or decline" [16] . The reducing size of computing has been critical to the realization of wearable technology and its maturity as a discipline.
Responsive Architecture demonstrates how autonomous systems can enhance the experience of people within buildings by providing real-time climate control and optimized exposure to natural light, leaving the occupants to focus on their activities rather than making frequent adjustments to air conditioning and blinds, or simply using one setting which it not efficient at all times of the day or year. When such a climate system is scaled down to human wearable proportions, the potential is significant, and examples of this will feature in a later section of this paper. However, this field also evidences the potential for increased maintenance requirements and cost, with the Institut du Monde Arabe requiring significant maintenance over recent years to repair failing facade mechanisms, and long periods with mechanisms not working at all [25] . For designers looking developing such complex systems at either the building or wearable scales, there is potential to fall into the "complexification" trap discussed by Greenfield [15] , whereby the system adds unnecessary layers of complexity to simple daily tasks which are easily performed without the aid of technology. One can only imagine the frustrations of having a responsive building panel fail in the closed position, keeping a workspace or living space in permanent darkness for any length of time. It is also unclear whether the sounds of motors, hinges and other mechanisms distract occupants. As a key concern for responsive architecture, such complexities are also significant for awareables.
4D Printing
Four-dimensional (4D) printing represents an emerging field of research with biomimetic traits. 4D printing is the method of using 3D printing (also known as additive manufacturing) technology to create structures capable of transforming shape over time under certain stimuli, including exposure to moisture or electrical current. In the words of Tibbits who coined the term: 4D printing... entails multi-material prints with the capability to transform over time, or a customized material system that can change from one shape to another, directly off the print bed. This technique offers a streamlined path from idea to reality with performance-driven functionality built directly into the materials. The fourth dimension is described here as the transformation over time, emphasizing that printed structures are no longer simply static, dead objects; rather, they are programmably active and can transform independently [26] . This means that the object created by the printer may in fact look nothing like the object fifteen minutes later, or a week later, or a year later. The object is programmed within Computer-Aided Design (CAD) and simulation software to morph into various states under specific conditions. A project called 'Active Shoes' from researchers at the Self-Assembly Lab at Massachusetts Institute of Technology (MIT) demonstrates how a shoe may be 3D printed as a flat form which transforms into a complex three-dimensional form after being released from the machine [27] . Similar to origami, the advantage of a flat form is the ease of transportation and storage, reduced material requirements and waste, combined with fast production using 3D printing in a flat state compared to completely 3D [28] . While experimental at this stage, 4D printing research indicates how wearable technology does not require computation in the end-use garment in order to be a form of wearable technology; the technology in this case is the unique combination of materials that flex and change over time and in response to climatic or other conditions, with computation used during the design and manufacturing process to simulate and control the final outcome.
While the full criteria for awareables will be clarified later in this paper, it is appropriate to indicate that a 4D print, like the Active Shoes, could also be considered an awareable; the shoe is a wearable garment, and is "programmed" in its materiality to transform shape over time in response to different conditions. There is overlap and cross-disciplinary pollination in this research, and as 4D printing moves from experimental to commercial in the coming years, it will be important for these creations to be examined both from a material and technical perspective, but also through the lens of awareables and their dynamic relationships with people.
Evolutionary Robotics
Within the expansive field of robotics, evolutionary robotics is also emerging as a niche research discipline that looks Papers Session 1: Make it Personal TEI '20, February 9-12, 2020, Sydney, NSW, Australia beyond fixed hardware solutions. Eiben [29] , one of the leaders in evolutionary robotics, has published extensively on this topic, and describes it as an ever more feasible concept that "applies the selection, variation, and heredity principles of natural evolution to the design of robots with embodied intelligence. It can be considered as a subfield of robotics that aims to create more robust and adaptive robots." What is important in evolutionary robotics is that the robots can transform over time, not individually, but through Darwinian principles of evolution. Under certain conditions two robots are able to share their computational and physical "DNA," and autonomously produce an offspring that shares traits of both parents in physical appearance and software code. Developing such a system is an extremely complex task today, but has been successfully proven in laboratories and research centers such as Eiben's Computational Intelligence Group at Vrije Universiteit, Amsterdam.
At the moment such work is far from reaching any sort of consumer-level incarnation, however, there are valuable reasons to pursue this line of research, including the ability to send autonomous robots to inaccessible environments on Earth or even other planets, or at the nano scale within the human bloodstream for medical purposes [30] . As the robots gather data and understand their environment, they can produce offspring that better suit the environment and may perform better at their tasks, without the significant time delays for data to be sent back to the design team and new robots built, tested and re-distributed. This field of robotics raises many important questions about artificial intelligence, a debate that is well detailed through publications in psychology, mathematics, programming and related fields of computer science. It would be naive to suggest that such research be implemented without serious consideration, and a similar warning must apply to awareables due to the complex relationships between wearable products with intelligence to transform into possibly unexpected variations, and humans.
Summarizing the Awareables Landscape
The research fields that have been discussed in this section are emergent and the implications for humans are far from clear. However, by viewing these disparate disciplines as a broader trend for physical objects to respond to stimuli in a physical way, the opportunities for awareables can be better understood. These trends from architecture, additive manufacturing and robotics support the predictions of technology thought leaders like Kelly [31] and Greenfield [15] that technology is a natural force on this planet, with humans "now symbiotic with technology" [31] and unconsciously developing technologies with more life-like capacities. This may be due to a phenomenon described by Wilson [32] as "biophilia," defined as "the innate tendency to focus on life and lifelike processes... from infancy we concentrate happily on ourselves and other organisms. We learn to distinguish life from the inanimate and move toward it like moths to a porch light."
Not only are humans drawn towards the constant changes of life, but we are ourselves in constant flux at both the micro scale of time (second-by-second), for example skin hydration or blood glucose levels, and the macro scale (years), for example physical growth and bone density. Psychologically, individual wants and desires also fluctuate at the same breadth of scales. It is therefore very challenging to design any sort of physical product that engages all of a person's needs and desires over any substantial time-frame, a side-effect being the current throw-away culture where products are treated as consumables to be used for only a short duration before being discarded. Unpacking this concept of adaptation further implies a shift in product value, from being static, cheap and disposable, to being fluid, high-value and connected to the user over the long-term. Will this result in people keeping products like awareables for longer than their static counterparts? What happens when these "living" products stop working -will users be more likely to try and repair them than throw them away, and could this be a response to more sustainable design? It is certainly conceivable based on research in robotics that this will be the likely scenario, with Scheutz explaining that robots: affect humans in very much the same way that animals (e.g., pets) or even other people affect humans. In particular, the rule-governed mobility of social robots allows for, and ultimately prompts, humans to ascribe intentions to social robots in order to be able to make sense of their behaviors (e.g., the robot did not clean in the corner because it thought it could not get there). The claim is that the autonomy of social robots is among the critical properties that cause people to view robots differently from other artifacts such as computers or cars [33] . Scheutz has examined this trend through a number of studies, including the popular robotic Roomba vacuum cleaner which he found many people have ascribed personalities, much like a household pet. Moving around the home autonomously, the Roomba learns the layout of furniture, avoids obstacles like chairs and stairs, and returns home to its charging station when the battery is running low; all very life-like actions. For awareable products, the same connection between human and object may be true.
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Therefore, a number of new considerations in the design of these awareables become important when considering them like pets, and will require ongoing research. For example:
 The necessity for easily accessible repair facilities to maintain the awareables (like a vet for pets), rather than disposing of them.
 Psychological and counselling services to help people move on after a loved awareable "dies."
 Memory wiping facilities so that traits or sensitive data can be removed when a product is sold second hand.
 Opportunities to "breed" new hybrid awareables that combine desired elements of each in a new form.
To our current way of interacting with products these concerns may be radical. However, as wearable technologies allow for more advanced and life-like interactions, these and many other issues will transform the relationship between consumers and products, and the industries built around them. These considerations are often left out of current wearable technology and ubicomp discourse, particularly when commercial wearables are designed for obsolescence rather than evolution; therefore, a new subfield of wearable discourse is needed, just as subfields have evolved within architecture, additive manufacturing and robotics to better define and investigate these issues.
AWAREABLE EXAMPLES FROM ACADEMIA
Despite being a diverse field of research, the term wearable technology has become synonymous with a relatively narrow set of products used to track personal activities, interact with mobile devices, or engage in new forms of entertainment. However, forward-looking wearables capable of adaptation and new human-computer relationships are emerging and challenging the very nature of computation. 'bioLogic' is a recent project to come from the Tangible Media Group at the MIT Media Lab [34] , taking the form of active-wear worn during sporting or health-related activities. Small perforations in the garment are triggered by moisture as the wearer perspires, utilizing bacteria cells as part of a biofilm material that causes the vents to hinge open to increase ventilation properties of the garment. Much like the 4D printed Active Shoes, conventional computation is substituted for a more natural environmental awareness, with the actions computer simulated and designed through new material science. Adjustable ventilation is certainly not a new idea in clothing, with garments worn by construction workers and motorcycle riders in hot outdoor settings often incorporating details that can be manually folded, zipped, buttoned or rolled up for increased air flow. However, the significance of bioLogic is that it can adapt of its own accord, potentially responding to the wearer's body before they realize they are overheating and beginning to dehydrate. The wearer can remain focused on the activity they are involved in, with the garment technology blending into the background.
Automatic forms of ventilation for athletes have also been developed by Novak, Burton and Crouch [35] , utilizing small electronic sensors and actuators to create bicycle helmet prototypes with automatically adjustable ventilation openings. Wind tunnel data has shown that the 'Dynaero' design shown in Figure 2 can vary the drag forces experienced by a cyclist by 3.7%, with the design able to respond to various cycling conditions such as downhill (with the vents closing to minimize drag), and uphill (with the vents opening to maximum to cool the athlete when drag effects are minimal) without input from the cyclist. While the designer acknowledges that that product violates current international racing rules [35] , the design highlights the ability for awareables to disrupt conventional understandings of wearable technology, and significantly alter the performance capabilities of humans.
Figure 2. 'Dynaero' 4D bicycle helmet being tested in a wind tunnel.
Concepts such as bioLogic and Dynaero evidence the need for greater understanding of the issues associated with awareables, particularly around regulation and the impact on human health, which is not yet revealed by the designers of these academic concepts.
Outside the realm of sports, fashion designers exhibit a growing interest in wearables that are capable of adapting to their environment and wearer, although the outcomes are yet to permeate through to retail-ready outcomes. Anouk Wipprecht is one of the designers currently leading the so-called "robotic couture" [36] movement, with her 3D Papers Session 1: Make it Personal TEI '20, February 9-12, 2020, Sydney, NSW, Australia printed 'Spider Dress 2.0' featuring a number of moveable limbs like spider legs that use: motion and respiration sensors to mimic the defensive habits of a spider. For example, if you approach the person slowly and calmly, the six legs might beckon you forward. But approach too rapidly and they strike out in defensive mode. Basically, if the wearer is showing physical signs of stress, the dress reacts to keep people away [36] . The dress is engaged in a symbiotic relationship with the wearer, sensing their fluctuating emotional needs or potential external threats and responding like a guard dog to protect them. In return for this protection, the dress is given life by the wearer, for without them the dress would have no stimuli to respond to and would remain dormant.
Similarly, architect and designer Behnaz Farahi developed a 3D printed garment called 'Caress of the Gaze,' protecting the wearer not from invasion of personal space, but from unwanted visual attention from onlookers. Using a wearable front-mounted camera, the garment will shift and warp when it detects people gazing upon it, subtly warning onlookers to back off. Farahi was inspired by natural non-verbal methods of communicating, for example "when a porcupine feels threatened, its quills bristle. In humans, the same anatomical reflex is responsible for goose bumps. Neither response is voluntary, and both typically occur in response to external stimuli" [37] . Perhaps one of the challenges to overcome moving forward in fashion will be the contradiction in design intent and outcome. Both the Spider Dress 2.0 and Caress of the Gaze are designed to protect the wearer and keep others at a comfortable distance; however, their unique aesthetic qualities and movements may indeed attract increased attention and interaction from onlookers. Similar attention has been observed in responsive architecture, with the movements of buildings like Institut du Monde Arabe and the Al Bahar Towers drawing tourists to simply watch the facade movements and film time-lapse videos without entering the buildings at all. Such a consideration highlights the need for more specific classification of these dynamic wearables as awareables, with new human-centered challenges that current static wearable technology devices do not contend with.
A significant problem for these research examples is that there are no obvious indications as to how the products are used. Consider the Spider Dress 2.0 or the Dynaero bicycle helmet -how does a user know what functions they perform? How are they activated, or de-activated? A traditional dress or bicycle helmet is worn and understood quite simply with cues like zippers and clasps, or the overall form and proportions, indicating their purpose. However, the more complex relationship with the user in awareable devices is not so obvious or recognizable, nor is the fact that products like Dynaero need to be connected to peripheral devices and sensors in order to function at all. It is unlikely that users will adopt such technologies if they come with expansive user manuals that undermine the freedoms the technology is promoting, a contradiction yet to be investigated in this field. "We should get used to the idea that there will henceforth be little correlation between the appearance of an artifact and its capabilities -no obvious indications as to how to invoke basic functionality nor that the artifact is capable of doing anything at all" [15] . Greenfield provides caution for designers; "it would be wise for us all to remember that, while our information technology may be digital in nature, the human beings interacting with it will always be infuriatingly and delightfully analogue" [15] .
Further challenges exist for the hardware needed in many of these awareable systems. While some may move beyond the need for computing, like the bioLogic garment, many will inevitably require traditional technologies like batteries and sensors. What happens when the Dynaero helmet loses communication with one of the bike sensors, or the battery dies? Will the vents lock closed, removing the thermal cooling effects for the cyclist and increasing the risk of dehydration? Such problems rarely exist in static wearables; smart watches and activity trackers may be inconvenient when the battery runs low, but it is unlikely to affect the wearer's health or ability to perform to the same extent. Some of these challenges have been addressed within the medical field, for example some insulin pumps may offer a backup battery in case the main one runs out, however, recharging or replacing batteries remains an important human task for both wearables and awareables.
The more complexity built into a product, the more opportunity there is for something to fail, and when the final product may have adapted beyond the expectations of the designer, these problems become ever more challenging to predict or simulate. Failure of an awareable must resort to the safest condition for the user as a primary concern, however, given the changing uses of the awareable, the safest condition may in fact be different under various conditions. For example, the Dynaero helmet may default to an open position in hot temperatures, however, on long downhill sections this position could be potentially hazardous to the cyclist and cause unnecessary strain on their neck due to increased drag forces, so a closed position, or only slightly open, may be optimal. These are new systems-thinking challenges for designers and researchers to contend with, requiring new software, education and Papers Session 1: Make it Personal TEI '20, February 9-12, 2020, Sydney, NSW, Australia understanding of human needs beyond what has been required in a mass-production, one-size-fits-all era of manufacturing.
AWAREABLE EXAMPLES FROM INDUSTRY
While the examples discussed previously remain conceptual, mainstream products that have begun to exhibit responsive capabilities have emerged over the last decade, although like many innovations that push the limits of available technologies, their value may be more in promoting novel ideas than in creating profits. In 2005 Adidas released the 'Adidas 1' shoe which was capable of adjusting the compression characteristics in the heel with each stride, and accommodate for the different requirements of the foot during different activities like walking or running. Unfortunately the design was plagued with technical issues, and reviewers like Rojas [38] from website Engadget reflected that for the $US250 price tag, consumers could probably achieve similar support and comfort with a pair of well-fitted trainers for a significantly lower cost. Rojas also claimed that "these will be the first shoes you will over own that come with an instruction manual" [38] , raising concerns about their "complexification" [15] of a daily activity and whether the design is really in-tune with human-centered principles.
More recently in 2016, Nike released the 'HyperAdapt 1.0' shoe, capable of self-lacing as the user puts their foot into the shoe. Additional micro adjustments were possible using manual controls, however the long-term vision of codesigner Tinker Hatfield is "a shoe that senses what the body needs in real-time. That eliminates a multitude of distractions, including mental attrition, and thus truly benefits performance" [39] . The technology behind the HyperAdapt 1.0 has taken eleven years of research and testing, evidencing another hurdle for commercial applications of awareables as opposed to research projects; they are extremely challenging to manufacture to the standard necessary for consumer adoption where consumer laws and warranties are at play. If awareables are to be compared with responsive architecture, the current state of awareables can be related to the Institut du Monde Arabe, a building that has been described as being "a really nice building, but 20 years too early" [25] ; the technology and materials are all technically possible, but it will take some time for them to meet the demands of commercial reality. However, it is a clear sign from major brands like Adidas and Nike that they see value in wearable technologies that adapt over time, Hatfield quoted as saying "in the future, products will come alive" [39].
CONSIDERATIONS FOR DESIGNERS
The role of designers engaged in developing all forms of products, including wearable technologies, is no longer just industrial in nature, nor is it necessarily focused on mass production or even the creation of physical objects [40] . The digital revolution provides a paradigm shift away from focusing on the atoms of products to the bits of technology, with numerous suggestions that data about a product, for example its' geometry and material properties, as well as the data it collects throughout its' functional life as part of the Internet of Things, are more valuable than the physical object itself [17, 41] . Advances in manufacturing, particularly additive manufacturing, are enabling shifts in thinking, with 3D CAD data instantly transmissible anywhere on Earth, and even to space (with a 3D printer installed on board the International Space Station), producing parts on demand. These are significant challenges for designers to deal with, particularly as products become four-dimensional (4D) [22] with no fixed "final" form being designed, but rather a system whereby a product can adapt to user needs, perhaps into forms never even imagined by the original designer.
This concern is evidence of the rapid changes facing designers; there is the traditional development of form and function familiar to designers, but also the added necessity in awareables to simultaneously design the electrical hardware, programs, interfaces, internet protocols and indeed the entire ecosystem surrounding the products' life cycle. Some of the problems with the Adidas 1 shoe may be due to the traditional division of tasks on this project, for example an industrial designer working on the form and ergonomics, electrical engineers creating the technical internal components, manufacturers optimizing and changing the design for the available materials and construction methods, and graphic designers working on the branding, color schemes, interface and marketing. This traditional division of tasks can be problematic [20] , with the end user and their real-world experience being lost in the mix; each project team is focused on their own outcome, and when brought together into the final product, may not function as a unified whole.
The next generation of designers will likely adopt new development processes, with code being seen "as a kind of material just as a potter sees clay" [42] . As designers not only implement new technologies into their products, but adopt new technologies and software in the creation of these products, some of these issues may be overcome. A recent study of university industrial design students indicates that visual programming languages (VPLs), which use visual blocks of code rather than text-based coding Papers Session 1: Make it Personal TEI '20, February 9-12, 2020, Sydney, NSW, Australia languages, have advanced significantly in recent years, becoming embedded in some traditional CAD software packages and being more readily adopted by designers due to their visual interface [43] . Such software developments allow designers to maintain control over more aspects of a product, including the electronics and app development, for significantly longer in the development process. However, such software is far from perfect, and improvements in design software do not mitigate the risks of "complexification" [15, 44] . Ongoing research is needed to specifically address how designers can create successful awareables that empower individuals, and better harness the skills and experiences of collaborators such as engineers and scientists using new digital tools.
Safety of the digital data being transmitted and received will also be of increased concern, a topic written about extensively within IoT research. For example, Marie-Helen [45] discusses the implications for users' privacy to be "threatened because of their limited control and choice over the collection, retention, and distribution of their data." Given recent world news events like the distributed denialof-service (DDoS) attacks that shut down Australia's national census in 2016 [46] , or the news that hacks on Yahoo in 2013 and 2014 compromised over one billion user accounts [47] , such a scenario of hacking into an individual product is not so farfetched. Imagine again that the Dynaero helmet discussed earlier loses communication with one of the bike sensors, and the vents this time open wide just before the final sprint to the finish line, increasing the drag force on the rider. However, this time the fault is not a communication error or battery issue, but the attempts of a nearby hacker from an opposing team to shift the odds in their own rider's favor. This potential to directly manipulate an awareable for nefarious purposes, or to access the personal data being stored in the cloud about the user, is a real and genuine concern for awareables, indeed wearable technology as a whole, and is an issue that designers are only newly coming to terms with. 'Privacy Band,' a concept for a privacy management wearable that turns digital privacy concerns into tangible signals, is an attempt to begin dealing with this issue [48] , and may align with the goals of awareables to better reflect the real-time urgency to respond to issues.
Software updates may also help mitigate these issues, along with other performance issues, and while Sterling [17] finds that this constant need for updates detracts from the overall user-experience of a product, there is also a positive side, particularly for the more complex awareables; Anderson [49] describes that "as products like cars become more about their software than their hardware, it becomes possible to reverse the arrow of time -they can get better after you buy them, not worse, because they can get software updates." The updates for awareables will not be limited to the bits of software alone, but the actual behavior of the atoms of the product itself. Designers may become more closely aligned with their creations over longer periods of time, with the need to continue to develop the digital components of the product long after its public release, and mine data stored in the cloud to improve future versions. The product is constantly in a state of flux, both physically and digitally.
The challenge for all people, from designers creating new products to the end users embracing them, is that "we are morphing so fast that our ability to invent new things outpaces the rate we can civilize them. These days it takes us a decade after a technology appears to develop a social consensus on what it means" [41] . This is particularly true for awareables, and it is imperative to develop a unified body of ongoing research to better inform designers and engineers beginning to develop products in this field. Waiting a decade until after awareables become mainstream to develop any real guidelines for their design and implementation will be too late and lead to further underwhelming products like the Adidas 1. The public are discerning when it comes to technology, and products that do not fulfil a genuine need can readily be rejected, similar to the Google Glass project which was released to the public before having any genuine purpose or offering a great experience [1] . In a world saturated with technologies, people are becoming wary of anything that adds needless complexity to their lives. Greenfield summarizes this in his discussion on ubiquitous computing:
You'll never hear someone spontaneously express a wish for a ubiquitous house or city.... What people do want, and will ask for, is more granular. They want, as Mark Weiser knew so long ago, to be granted a god's-eye view of the available parking spaces nearby, to spend less time fumbling with change at the register, to have fewer different remote controls to figure out and keep track of [15] . This is the challenge of human-centered design, and a tension between market push and market pull when evaluating the commercial potential of a radically new form of technology.
Awareables that are implemented without appropriate research also run the risk of compromising what it means to be human. Should a novel awareable like the Caress of the Gaze garment discussed earlier suddenly become mainstream tomorrow, will people become less aware of the people around them as they resign this control to the Papers Session 1: Make it Personal TEI '20, February 9-12, 2020, Sydney, NSW, Australia garment? In today's security-conscious world, this could have dire consequences as people take less notice of their surroundings and potential threats, leading to a generation of un-awareables that simply continue the current trend of distracting gizmos. Furthermore, what happens when the camera mounted in the garment becomes a tool for hackers to spy on others, or communicate messages using the novel movements of the garment that can't be detected through traditional means, a new form of sign language? Humans can't afford to wait until after awareables have permeated culture to address these concerns, there is too much at stake. With clear indications from global brands like Nike, as well as major research institutions like MIT, that they foresee the future of products to be in those that are adaptable, life-like and unique for each person, the awareables future is approaching. It is important to begin preparing for it through targeted and meaningful research.
In summary, the following points are the key challenges facing awareables discussed throughout this paper:
 Complexification  Intuitive functionality  Reliable technology for commercial applications  Safety for users  Psychological impact on users  Need for a subfield of research within wearable technology Following this exploration of awareables, it is possible to propose a list of criteria to define what makes an awareable as compared to a more traditional wearable technology, shown in Table 1 . The table shows a lot of overlap between wearable technology and awareables, a logical outcome given that this paper is not proposing a new research field, but a subfield of the existing wearable technology field, much like the subfields discussed previously from architecture, additive manufacturing and robotics. The key difference is in the way an awareable will be physically adaptable in form and function, changing autonomously without direct user input. Wearable technologies all require the user to deliberately engage with them and continue to interact with them, whether that is a screen or more analogue controls like buttons and dials. Software may change, but hardware remains static and only changeable by manual manipulation. Awareables are mostly autonomous systems, with minimal need for user manipulation throughout product use, and physically respond in real-time to changing conditions.
CONCLUSION
As the digital revolution rapidly blurs the boundaries between the physical and digital worlds, the disciplines of design are facing increasing pressures to evolve. As a large, well-established industry spanning numerous decades, wearable technology collectively will be slow to adapt, and novel projects are easily lost due to the scale of this field. However, by isolating wearables that exhibit evolved tendencies to be life-like and adaptable within changing environments as a new subfield known as awareables, it is possible for researchers and practitioners to focus on the new and unique challenges and opportunities of this emergent field. Similar subfields exist in the fields of architecture (responsive architecture), additive manufacturing (4D printing) and robotics (evolutionary robotics), evidencing the widespread trend for bits and atoms to become more fluid, adaptable and interrelated, capable of autonomous change over time.
Designing within this context requires new skills, tools and understanding of the relationships between people and products that change over time. While there are positive developments in the amalgamation of 3D design and coding environments, and advances in manufacturing methods such as additive manufacturing which enable new geometries and materials to be utilized, in order for designers to lead a new awareables future there must be a platform for ideas and knowledge to be readily disseminated, and a way to denote research. While this paper has been broad in its view of wearable technology, this has been necessary in order to connect trends across disciplines and time and build an argument that is supported by similar shifts in similar disciplines. In doing so, there is an acknowledged weakness in providing tangible and specific methodologies for designers developing awareables, and future research must begin to construct a framework for the cyberphysical future of wearable technology. Time is a defining feature of awareables and is a resource that must not be wasted in shaping the awareables future.
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